I. INTRODUCTION
Magnon spintronics is the emerging field of spintronics concerned with structures, devices, and circuits aimed to benefit from spin currents carried by spin waves. 1 The utilization of spin waves opens a new route to magnetic logic circuits. 2 There are several important advantages of using spin waves as information carriers. First, a combination of the magnetic memory with the spin wave bus makes possible a realization of the non-volatile logic circuits with zero static power consumption. 3 Second, both the amplitude and the phase of the spin wave signal can be exploited for information transfer and processing. For instance, utilization of the phase for information encoding is efficient in certain types of the logic gates (e.g., MAJ, MOD2). 1 Finally, the spin wave interference offers a route to magnetic holographic devices 4, 5 enabling parallel magnetic bit readout. Understanding of the spin wave interference phenomena is the key to development of novel magnonic devices. [6] [7] [8] Brillouin-Mandelstam spectroscopy (BMS) is a powerful technique allowing for visualization of the spin waves in magnetic microstructures. [9] [10] [11] In this work, we report results of the experimental study of the spin wave interference in the Y 3 Fe 2 (FeO 4 ) 3 waveguide using BMS. The rest of the paper is organized as follows. In Section II, we describe the test structure and experimental setup. In Section III, we present experimental data obtained by the electrical and optical measurements. The discussion and conclusions are given in Sections IV and V, respectively. 
II. DEVICE STRUCTURE AND ELECTRICAL MEASUREMENTS
A schematic of the test structure and image of the experimental setup are shown in Fig. 1 . The test structure consists of a YIG waveguide with two micro-antennas fabricated on top. The length of the channel is 16 mm, the width of the channel is 2 mm. The thickness of the YIG film is 9.6 µm. The saturation magnetization is 4πM 0 ≈ 1750 Oe. The YIG film is epitaxially grown on top of a Gadolinium Gallium Garnett (Gd 3 Ga 5 O 12 ) substrate using the liquid phase epitaxy. The antennas are fabricated from a gold wire of thickness 60 µm and placed directly on top of the YIG surface near the edges of YIG waveguide. The antennas are orientated perpendicular to axis of waveguide. The antennas are fabricated from a gold wire of thickness 60 µm and placed directly on top of the YIG surface. Both antennas can be used for the spin wave excitation and detection. The spin wave excitation can be achieved by applying a radio frequency (RF) current through the antenna. The alternating electric current produces a non-uniform alternative magnetic field around the conducting contour, which, in turn, generates spin waves in the YIG channel under the spin wave resonance conditions. A detection of the spin waves is performed by measuring the inductive voltage in the receiving antenna. A propagating spin wave alters the magnetic flux from the surface and generates an inductive voltage in the antenna. The details of the inductive measurement technique can be found elsewhere. 12 The antennas are connected to a programmable network analyzer (PNA, Keysight N5221A). The device under test is placed inside an electromagnet GMW model 3472 -70, pole cap 50 mm (2 inches) diameter tapered, which provides uniform bias magnetic field ∆H/H<10 -4 per 1 mm in the range from 2000 Oe to +2000 Oe. The in-plane magnetic field is directed perpendicular to the channel as depicted in Fig. 1(A) . The red and the blue solid curves depict the amplitudes of the propagating spin waves excited by the antennas 1 and 2, respectively. In order to equalize the BMS output in a given spot (i.e. the green star), we use an amplifier connected to antenna # 2. The dashed blue curve shows the amplitude of the spin wave excited at the antenna #2 after amplification.
The first set of experiments is aimed at confirming the spin wave generation by the antennas via the inductive voltage measurements, and finding the optimum operational frequency f and at the fixed bias magnetic field H. Based on our prior studies of the spin wave propagation in YIG films, 7, 13 we use the 1410 Oe bias magnetic field H and restrict the search region for the operation frequency from 6.0 GHz to 6.5 GHz. In Fig. 1(C) , we present experimental data showing the spin wave propagation between the antennas (i.e., the S ij parameter). The red curve and the blue curves in Fig. 1(C) correspond to the S 21 and S 12 parameters, respectively. In order to exclude the direct coupling between the antennas, the data are plotted after the subtraction to zero magnetic field (S ij = S ij (H=1410 Oe)-S ij (H=0). The data show prominent spin wave propagation over the 15 mm distance at room temperature. At the same time, there is a significant non-reciprocity in the spin wave transport. For instance, the difference between S 21 and S 12 is about 10 dB at 6.16 GHz. This phenomenon is attributed to the specifics of magnetostatic surface spin wave propagation in thick films, where the spin waves propagating in the opposite directions are localized within the two opposite surfaces of the waveguide. 14 The initial (pre-amplified) microwave power was about 3 dBm. No changes in the transmission characteristics were observed before and after the amplification comparable with the case of low power input -15 dBm. The latter indicates the linear regime of spin wave propagation. All further optical experiments are carried out at the fixed bias magnetic field H = 1410 Oe, and operational frequency f = 6.16 GHz.
III. BRILLOUIN-MANDELSTAM SPECTROSCOPY MEASUREMENTS
Two coherent spin waves propagating in the opposite direction form a standing wave. Our objective is to study the standing spin waves in a ferrite waveguide using BMS in order to determine the degree of control of the spin wave interference with the relative phase shift and estimating distances over which such control is efficient. BMS allows to detect magnon frequencies in the GHz range. 15 The light source is a single frequency linearly polarized solid-state diode pumped laser operating at λ = 532 nm. The experiments have been executed in backscattering configuration at normal incidence of laser light on the surface of the sample. The laser light has been focused on the sample by a lens with NA = 0.34. The scattered light has been collected with the same lens and directed to the high resolution six-pass tandem Fabry-Perot interferometer (JRS Instruments). The incident light is linearly p-polarized. Since the spin waves rotate the polarization of the incident photons by 90 degrees 16 a polarizer in the scattered light path has been used to allow for passage of only the s-polarized light into the interferometer. Details of our BMS measurement procedures have been reported elsewhere. [16] [17] [18] In order to observe the interference effects, the amplitudes of the interfering spin waves should be approximately the same at the point of observation. The amplitude of the spin wave signal decreases exponentially with the distance from the generating antenna. It would be a challenging and timeconsuming task to find the place in the waveguide where the two spin waves produce the same BMS intensity. For this reason, we used an electric amplifier (Mini-Circuits, ZX60-83LN+) to equalize the spin wave amplitudes in a given spot. This technique is illustrated in Fig. 1(D) . We selected a spot in the center of the waveguide, which is located at approximately the same distance from the spin wave generating antennas. Next, we detect the BMS signals produced by each antenna separately. The intensity of the BMS signals may vary significantly due to the difference in the spin wave propagation distance as well as due to the non-reciprocal spin wave propagation. To compensate the difference in BMS signal intensity, we use an amplifier before antenna #2. The amplitudes of the interfering spin waves were equalized by applying (+12 dB) amplification to antenna #2. The rest of the BMS measurements were accomplished at the given location on the waveguide and with the fixed gain.
We used both antennas for spin wave generation in order to study the interference of spin waves by BMS. The phase difference between the waves is controlled by the phase shifter (ARRA, model 9428A). In Fig. 2 , we show the BMS spectra obtained for different positions of the phase shifter. The accumulation time for each spectrum is 10 minutes. At each experiment, we increase the phase difference by π/5 degrees. One can clearly see the Stokes and anti-Stokes signatures of magnons at the generator frequency. Fig. 3 between the interfering spin waves. The intensity oscillates, with the maxima corresponding to the constructive spin wave interference and the minimum corresponding to the destructive interference. One should note that the input power, applied to the spin wave generating antennas, remained the same during the experiment. The change in the BMS intensity reflects the change in the position of maxima and minima of the standing spin waves.
IV. DISCUSSION
The oscillation of the BMS intensity is observed about 7.5 mm away from the spin wave generating antennas at room temperature. The change in the phase difference between the interfering waves results in the magnetization redistribution within the standing spin wave. The obtained results suggest a promising approach for remote spin current control over large distances. The latter is beneficial for applications in the spin-based memory and logic devices. An example of the nonlinear magnetic cellular network, where magnetic elements are addressed by the interfering spin waves is described in Ref. 19 . The use of BMS allows one to verify the changes in local magnetization caused by the remote control of the spin wave phase difference. The BMS mapping of the intensity distribution can help with the device structure optimization. One should note that BMS can only resolve standing spin waves with the period larger than the size of the optical spot. In our experiments, the diameter of the spot size is ∼25 µm while the spin wavelength exceeds 100 µm. One of the important questions is related to the interference of two surface waves propagating on the opposite surfaces of the film as their decay profile depends on the sample thickness. It should also be noted that the spatial pattern across the width of the waveguide may be non-uniform. 20 This problem deserves a special investigation. The technique described in this work can be further used for investigation of the interaction between different types of spin waves in a variety of devices. The capability for an accurate control of the position of spin wave maxima and minima is important for logic devices that used the spin wave interference phenomena.
V. CONCLUSIONS
We reported results of BMS study of the spin wave interference in a YIG waveguide. The data show prominent BMS intensity oscillations as a function of the phase difference between the interfering spin waves. The intensity oscillations are observed approximately 7.5 mm away from the spin wave generating antennas at room temperature. The obtained results are important for developing techniques for remote control of spin currents, with potential applications in spin-based memory and logic devices.
